Polyploidy, or whole-genome duplication (WGD), serves as a key innovation in plant evolution and is an important genomic feature for all eukaryotes. Neopolyploids have to overcome difficulties in meiosis, genomic alterations, changes of gene expression, and epigenomic reorganization. However, the underlying mechanisms for these processes are poorly understood. One of the most interesting aspects is that genome doubling events increase the dosage of all genes. Unlike allopolyploids entangled by both hybridization and polyploidization, autopolyploids, especially artificial lines, in relatively uniform genetic background offer a model system to understand mechanisms of genome-dosage effects. To investigate DNA methylation effects in response to WGD rather than hybridization, we produced autotetraploid rice with its diploid donor, Oryza sativa ssp. indica cv. Aijiaonante, both of which were independently self-pollinated over 48 generations, and generated and compared their comprehensive transcriptomes, base pair-resolution methylomes, and siRNAomes. DNA methylation variation of transposable elements (TEs) was observed as widespread in autotetraploid rice, in which hypermethylation of class II DNA transposons was predominantly noted in CHG and CHH contexts. This was accompanied by changes of 24-nt siRNA abundance, indicating the role of the RNA-directed DNA methylation pathway. Our results showed that the increased methylation state of class II TEs may suppress the expression of neighboring genes in autotetraploid rice that has obtained double alleles, leading to no significant differences in transcriptome alterations for most genes from its diploid donor. Collectively, our findings suggest that chromosome doubling induces methylation variation in TEs that affect gene expression and may become a "genome shock" response factor to help neoautopolyploids adapt to genome-dosage effects.
P olyploidy or whole-genome duplication (WGD), when two or more complete sets of chromosomes co-occur in a nucleus (1) , has played a pervasive role in plant evolution (2) (3) (4) . Notably, all angiosperms have experienced at least one WGD event during their evolutionary history (5, 6) . In general, two major categories of polyploidy exist in plants. Autopolyploidy species carry multiple similar chromosome sets, and allopolyploidy species integrate divergent chromosome sets (2, 3) . Allopolyploidy is thought to have played a significant role in plant diversification and remains an important speciation process (5, 7) . However, increasing evidence indicates that the real appearance of autotetraploid plants in nature might be significantly underestimated (8, 9) , despite potential weaknesses, such as meiotic instability and reduced fertility (10) .
WGD produced by polyploidization creates a vastly increased genetic reservoir and combinatorial complexity upon which selection might act over an extended period, ultimately prompting polyploids to be successful in plant evolution (1, 3, 6) . In the short term, however, doubling an entire set of chromosomes may also induce a range of problems, such as chromosomal rearrangements, sterility, aneuploidy, and gene-expression aberrations, which could be detrimental challenges to newly formed polyploids (1, 10) . Biologists have long sought to understand how natural selection enabled neopolyploids to overcome early challenges. Many autopolyploidy systems have been developed for this purpose, such as Arabidopsis (11) (12) (13) , potato (14) , Elymus elongatus (15) , Paspalum (16) , and Cymbopogon (17) . However, further investigations are still needed to examine the scope and scale of neopolyploids' responses to WGDs.
Epigenetic changes may provide an effective and flexible means for a polyploid cell to overcome "genomic shock" (18) . Continuous efforts have focused on studying epigenetic variation in plant allopolyploids (19) (20) (21) (22) (23) (24) (25) (26) . DNA methylation is one of the most important heritable and well-studied epigenetic modifications. Cytosine methylation was found to be involved in many essential processes, including embryogenesis (27) , transposon defending (28) , gene regulation (29) , and genomic imprinting (30) . Higher plant genomes are often methylated in CG, CHG, and CHH (where H = A, T, or C) sequence contexts, with which siRNAs are mainly associated (31) (32) (33) . Whole-genome bisulfite sequencing (BS-seq) can determine methylation levels at single-base resolution (34, 35) . Methylation variation in response to ploidy levels have widely been detected in allopolyploidy plants, such as Arabidopsis suecica (20) , Spartina anglica (36), Brassica napus (22) , Arabidopsis thaliana (37) , and wheat (21, 38) . Collectively, these results suggest that Significance Whole genome duplication (WGD) has long been recognized as a major force in angiosperm evolution. DNA methylation variation is known to be involved in polyploidization events. We synthesized autotetraploid rice that may rule out disturbances from hybridization and investigated the scope and scale of DNA methylation variation in response to WGD in neopolyploid rice. We found that WGD prompts increased methylation in class II transposable elements, which then suppress the genome-wide expression level of nearby genes. Hypermethylation of these transposable elements inhibits their transposition, stabilizing the integrity of chromosomes, and decreases nearby gene expression, potentially reducing deleterious genome-dosage effects. Our results indicate that DNA methylation plays an important role in assisting plant neopolyploids rapidly adapt to WGD.
hybridization rather than WGD has the most significant impact on allopolyploidization. In contrast, DNA methylation changes as direct responses to autopolyploidization have rarely been reported (39) (40) (41) .
Because allopolyploids arise from interspecies hybrids, a significant portion of genetic variation may be caused by merging two or more diverged genomes. Allopolyploidy can be confounded by the entanglement of both WGD and hybridization. In contrast, synthesized autopolyploids are ideal systems to investigate the short-term effects produced by WGDs. Here, we combined BSseq, small RNA-seq, and RNA-seq approaches to test whether significant DNA methylation alterations that occur in response to genome doubling can be found by comparing synthesized autotetraploid rice with its parent diploid. The results of this study provide a comprehensive map of WGD-induced variation of DNA methylation in autotetraploid rice. Our findings indicate that autotetraploid rice exhibits widespread DNA methylation changes in transposable elements (TEs) that are associated with the alternation of 24-nt siRNA abundance. In particular, genome-wide hypermethylation of class II DNA TEs was found to restrain the expression levels of neighboring genes in autotetraploid rice.
Results

Distinct Phenotypes of Autotetraploid Rice Compared with Its Diploid
Parent. To study the impact of WGD without interspecies hybridization effects, we induced autotetraploid rice (4X) from a diploid cultivar (2X), Oryza sativa ssp. indica cv. Aijiaonante in 1988. Since then, both the autotetraploid rice and its parent diploid have been independently self-pollinated over 48 generations. In this study, we used the 48th generations of 2X and 4X rice because they represent stable phenotypic discrimination and unchanging chromosome number after excluding aneuploid contamination in the first generations ( Fig. 1 A and B) . The autotetraploid rice exhibited remarkable differences of morphological traits compared with diploid rice, including increased leaf sizes, decreased fertility, fewer branches, reduced spikelet numbers, and enlarged grain sizes ( Fig. 1 C and D and Table S1 ).
Single Base-Resolution Maps of DNA Methylation for Diploid and Autotetraploid Rice. To examine the potential role of DNA methylation in WGDs, we performed whole-genome BS-seq for both the autotetraploid rice and its diploid parent, generating 43.6 and 56.3 million paired-end reads, respectively, and then uniquely aligned them to the rice reference genome sequence (O. sativa ssp. japonica cv. Nipponbare, MSU Release 7: rice. plantbiology.msu.edu/). With average read depths of 12.6× and 16.1× per strand for diploid and autotetraploid rice, over 76.8% and 78.6% of cytosines of both strands of the rice reference genome sequence were covered by at least one read for 2X and 4X rice, respectively (Table S2) .
We identified ∼206 and 236 million methylcytosines (mCs) from total BS-reads in 2X and 4X cells. Among these mCs, over half of them (55.9% and 54.9%, respectively) were in CG context, 27.9% and 27.5% of them were in CHG context, and 16.2% and 17.6% were in CHH context, respectively, in 2X and 4X rice (Fig. S1A) . After false-positive methylation rate correction and at least three-reads coverage filtering, we identified ∼20.1 and 20.7 million methylated cytosine sites in 2X and 4X rice, accounting for 12.4% and 12.8% of the cytosines with reference genome sequence, respectively (Table S2 ), suggesting that 615,637 cytosine positions were methylated in 4X rice rather than in 2X rice. In both rice genotypes, the majority of mCG sites were highly methylated with methylation levels >80%, whereas mCHG and mCHH sites displayed a broader distribution of methylation levels (Fig. S1B) . Particularly, slightly methylated sites (10-30%) accounted for the majority of mCHH sites (Fig. S1B) . Compared with 2X rice, 4X rice exhibited increased proportions of highly methylated cytosines in CG and CHG contexts and an increased percentage of slightly methylated cytosines in CHH context (Fig.  S1B ). Besides intergenic regions without any annotation, most mC sites were located in TEs, indicating an important role of cytosine methylation to silence TEs. However, the distribution of mC sites failed to show observable differences between 2X and 4X rice (Fig. S1C) .
From a chromosome-scale view, the profiles of three context methylation levels in 2X and 4X rice were similar to one another, revealing that pericentromeric heterochromatin regions were predominantly highly methylated in symmetric CG and CHG contexts ( Fig. 2A and Fig. S2 ). CHH methylation displayed gentle distribution along chromosomes, suggesting the fact that rice contain a much higher proportion of TEs distributed across the chromosomes than A. thaliana (34) , and CHH methylation of TEs have uniform distribution (42) (43) (44) .
Methylation Patterns in Annotated Genes and TEs. To understand DNA methylation patterns of protein-coding genes and adjacent regions, we constructed methylation profiles by covering whole protein-coding gene bodies and extending to both the upstream and downstream flanking regions with the same length cut-offs. As reported recently (33, 44) , genes had one CG methylation level peak in the gene body and two mCG-level valleys around transcriptional start and termination sites. The peak of CG methylation in the gene body was higher than that in the flanking regions (Fig. 2B) . In contrast, CHG methylation had a similar tendency to CHH methylation in that obviously lowered levels were observed in body regions compared with upstream or downstream regions (Fig. 2B ). There were no significant methylation differences between genes from 2X and 4X rice (Wilcoxon rank sum test, P value > 0.3052, n = 24,092), suggesting that WGD may not have widespread influence over methylation levels of gene bodies.
Consistent with different tissues from rice and other plant species (32) (33) (34) (44) (45) , our results showed that the average methylation level of TEs was much higher than that of genes. Notably, all three methylation contexts displayed a similar pattern in which TE bodies were more hypermethylated than both upstream and downstream regions (Fig. 2B) . Moreover, 4X rice had increased levels of CHG and CHH methylation relative to 2X rice in TE bodies (Wilcoxon rank sum test, mCHG and mCHH P value < 2.2e-16, mCG P value = 0.2608, n = 206,582).
To detect methylation differences of TEs between 2X and 4X rice, we compared the methylation levels for each methylation context in 12 major orders belonging to two TE classes: class I (retrotransposons) and class II (DNA transposons) (Fig. 2 C-F ; see also Fig. 4 A and B) . All types of TEs had unique methylation distributions that were distinguishable from each other, and both of them had the same patterns of obviously higher methylation levels in three contexts in body regions than flanking regions, indicating close relationships between methylation levels and TEs ( Fig. 2 C-F) . The most evident differences of TEs between these two rice genotypes were observed for CHG methylation. Almost all TEs from 4X rice were hypermethylated in the CHG context. Class I retroelements, including Copia, Gypsy, and LINE types, were hypomethylated in CG and CHH contexts in 4X rice. Class II DNA transposons exhibited a widespread hypermethylated state in 4X rice, except for high methylation levels of MULE_MuDR and En_Spm observed in the CHH context in 2X rice. In addition, the four types (SINE, Helitron, TcMar-Stowaway, and DNA-Other) were predominantly highly methylated in all three contexts in 4X rice (Fig. 2 C-F) . The universal hypermethylation state of all TEs in the CHG context and the high methylation level of class II TEs in each context accounted for the increased TE DNA methylation observed in 4X rice (Fig. 2B) . Unlike class I retroelements, class II DNA transposons were inclined to localize in euchromatin regions near genes (Table S3) . Genome-wide increased methylation levels of these TEs may affect the expression or activities of nearby genes that were inserted and surrounded by TEs; therefore, we combined gene expression and TE methylation to deeply examine the epigenetic responses to autopolyploidization.
TE Methylation Variation Affects the Expression of Neighboring
Genes. To better understand gene-expression patterns influenced by DNA methylation and the relationships with TEs, total RNA was isolated from tissues of pre-emergence panicles that were used to generate RNA-seq data (Materials and Methods and Table S4 ). Transcriptome analyses resulted in a total of 24,111 genes, accounting for 62% (24,111 of 38,869) of the entire non-TE genes annotated from the rice reference genome, which formed the dataset for the subsequent analyses. Comparisons of gene-expression levels between 2X and 4X rice showed that only a small fraction of genes were differentially expressed [n = 163, false-discovery rate (FDR) < 0.01] (Table S5) ; that is, although there were increased alleles in 4X rice, most genes were not significantly expressed compared with 2X rice (Wilcoxon rank sum test, P value < 0.003331, n = 24,111).
Differentially expressed genes (DEGs) were then subjected to Gene Ontology (GO) analysis using agriGO software (46) . The GO analysis of down-regulated genes in 4X rice revealed a significant overrepresentation of genes involved in reproduction, postembryonic development, and responses to endogenous stimuli. However, up-regulated genes in 4X rice were associated with metabolic processes and stress responses (Fig. S3) .
To test whether TEs may affect the expression levels of neighboring genes that were involved in WGD-induced variation in rice, we obtained 24,092 noncentromeric genes after excluding genes within the centromeric regions to examine whether they were inserted or surrounded by TEs. Our results showed that >94.9% (22,869 of 24,092) of genes had no TE insertions into gene bodies, whereas 75.2% (18,128 of 24,092) of genes were inserted by TEs within 2-kb flanking regions, and 86.9% (20,926 of 24,092) genes overlapped with TEs within 4-kb flanking regions (Fig. 3A) . Note that most of these TE insertions were class II DNA transposons (Fig. 3A) . Comparisons of gene-expression levels indicated that in both 2X and 4X rice, genes inserted or surrounded by TEs were expressed at lower levels than those without neighboring TEs (Fig.  3B ). Our results showed that for both 2X and 4X rice, the average gene-expression level was positively correlated with the distance to the closest TE [Spearman's ρ(2X) = 0.023, P value = 0.001048; ρ(4X) = 0.014, P value = 0.03848] (Fig. 3C ), but negatively correlated with the number of TEs within 4-kb flanking regions [Spearman's ρ(2X) = −0.043, P value =1.71e-11; ρ(4X) = -0.021, P value = 0.001114] (Fig. 3D) . Collectively, these findings suggest that gene-expression levels were suppressed by the abundance and physical distances from neighboring TEs.
The results from A. thaliana suggest that it is not simply the number of TEs that influence expression; TE methylation state is also related to low expression levels of nearby genes (47) . Considering that DNA changes could have occurred and TE contents could have changed between 2X and 4X rice over the 48 generations of inbreeding, we only selected the cytosines from both 2X and 4X rice covered by no fewer than three BS reads and TEs in which ≥40% of cytosine residues were covered by at least three BS reads on both 2X and 4X rice genomes. These criteria ensured avoiding TE transposition/proliferation in a 4X rice genome that may mislead the methylation calculations, but have sufficient methylation data for comparing the same TE regions relative to the reference genome between 2X and 4X rice. Regardless of TE types and their chromosomal locations, methylation levels in the CG context did not show recognizable differences between 2X and 4X rice. The CHG methylation level of class I retroelements was higher than class II DNA transposons, and TEs from 4X rice had a higher CHG hypermethylation level than those from 2X rice. Class II TEs were more highly methylated in the CHH context than class I TEs, and CHH hypermethylation was observed in 4X but not 2X rice (Fig. 3E) . These results are consistent with the genome-wide methylation level of all 12 major TE orders ( Fig. 2B and Fig. 4 A and B), indicative of high methylation levels of TEs surrounding genes in 4X rice.
In a further step, we divided gene-flanking regions into different bins and compared methylation levels between two TE classes located within them (Fig. 3F) . Our results showed that for CG and CHG methylation, TE methylation levels gradually increased from gene bodies to their ∼0.5-to 1.5-kb flanking regions. The peak of CHH methylation level of TEs appeared within 500-bp flanking regions; mCHH levels gradually decreased with increased distances from genes. In sharp contrast to CG and CHG methylation, the CHH methylation of nearby class II DNA transposons was higher than that of class I TEs. Compared with 2X rice, class II DNA transposons of 4X rice exhibited obvious hypermethylation in CHG and CHH contexts, particularly in gene-flanking regions. Taking these data together, we find that the methylation level of TEs near genes was increased in 4X rice, especially CHG and CHH methylation of class II DNA transposons. The observed methylation variation of TEs in 4X rice with double alleles as a result of autotetraploidization may be a mechanism that may suppress the expression of neighboring genes in 4X rice responding to genome-dosage effects following WGD, resulting in similar expression levels for the majority of genes between 2X and 4X rice.
Relationship Between siRNA Abundance and Variation in DNA Methylation. siRNAs can direct DNA methylation at their target loci through the RNA-directed DNA methylation pathway (RdDM) (31) . This pathway underlies the relationship between siRNAs and DNA methylation that suppresses TE activities. To explore this relationship after polyploidization, we sequenced small RNAs (sRNAs) of 2X and 4X rice lines (Table S6) . We obtained sRNA length profiles similar to those previously reported in rice (48); 21-to 24-nt sRNAs occupied the vast majority of the sRNA population, and 24-nt sRNA was the most abundant (Fig. S4A) . The great majority of siRNAs in plants were reported to be 24-nt heterochromatic siRNAs derived from intergenic genomic regions or repetitive sequences, and associated with DNA methylation at their target loci (49) . Therefore, we filtered the most abundant siRNAs (24 nt) to investigate their relationship with DNA methylation in diploid and autotetraploid rice.
Our results showed that TEs were targeted by siRNAs through the RdDM pathway, resulting in elevated methylation levels and greater siRNA abundance in TE body regions, with the exception of LINE and hAT (Fig. 4) . Although all TEs had unique distributions that were distinguishable from each other, there were similar patterns of methylation level and siRNA abundance of TEs and flanking regions. The siRNA abundance of Copia and Gypsy superfamilies decreased in 4X rice, whereas other superfamilies, such as SINE, Helitron, Stowaway, Harbinger, MULE_MuDR, and DNA-Other were richer in siRNAs in 4X rice than 2X rice (Fig. 4) . This tendency coincided with the variation of DNA methylation level between 2X and 4X rice, especially in CHH context methylation ( Fig. 2 C and D) .
siRNAs are likely to be found densely clustered on both strands of an siRNA-producing genomic locus (e.g., a transposon or a targeted gene) (50) . Here, we defined a siRNA cluster as containing at least five distinct siRNA reads, with adjacent reads located <200-bp apart that were merged into a cluster. In total, 1,546,691 siRNA clusters were identified in 2X rice, and 1,472,687 clusters were found in 4X rice. Most siRNA clusters overlapped with intergenic regions and TEs, and the cluster faction of class I TEs was greater than for class II (Fig. S4C) . Comparisons of siRNA cluster methylation levels showed that DNA methylation levels in all contexts increased with a distance of ∼400 bp from either side of the siRNA clusters, in which peak methylation levels occurred in the cluster region. The CHG methylation level of 4X rice in siRNA clusters was higher than that of 2X rice (Fig. S4D) . These results suggest that, as noted for the RdDM pathway, the distribution and abundance of siRNAs are quite consistent with DNA methylation of TEs, and the elevated methylation level of class II DNA elements in 4X rice was largely related to the increased abundance of siRNAs that targeted these TEs.
In a further step, we investigated the relationship between siRNAs and 12 major TE orders. From a whole-genome view, the siRNA abundance of LTRs decreased in 4X rice, whereas siRNAs of other types, such as SINE, Helitron, Stowaway, Harbinger, MULE_MuDR, and DNA-Other were more abundant in 4X rice than those in 2X rice (Fig. 4 A and B) . For class I TEs, the differences of siRNA abundance between 2X and 4X rice correlated to the differences of CG and CHH contexts methylation level. For class II TEs, siRNA changes coincided with almost three contexts of methylation variation of all kinds of TE types, with the exceptions of MULE_MuDR mCHH and En_Spm mCHG (Fig. 4 A and B) . It is apparent that CHH methylation variation had the highest degree of fit with the changes of siRNA abundance.
We also examined the relationship between DNA methylation levels and expression levels of siRNAs associated with TEs located within 4-kb gene-flanking regions (Fig. 4 C and D) . Our results showed that siRNA abundance from class I TEs did not change significantly, coinciding with few methylation levels between 2X and 4X rice (Fig. 4C) . However, variation in siRNA abundance mainly occurred in class II TEs in 2X and 4X rice, such as MULE_MuDR, Stowaway, Harbinger, and DNA-Other. These four TEs were the most likely to surround genes (Table  S3) ; they were hypermethylated in CHG and CHH contexts, and higher siRNA expression levels were noted in 4X rice compared with 2X rice (Fig. 4D) . Overall, we confirmed that following WGD, higher siRNA abundance related to CHG and CHH hypermethylation of class II TEs that suppressed the expression of nearby genes in 4X rice.
Comparisons of Differentially Methylated Regions Between 2X and 4X
Rice. Differentially methylated regions (DMRs) may represent epigenetic biomarkers or epialleles (51, 52) . To investigate DNA methylation variation in specific regions, we compared DMRs between 2X and 4X rice. In total, 9,580 CG, 15,198 CHG, and 32,732 CHH hypermethylation DMRs were identified, accounting for ∼14.4-Mb genomic sequences in total between 2X and 4X rice (Fig. 5A) . At the whole-genome level, most DMRs came from the CHH context, and siRNAs were also abundant in CHH DMRs. Notably, the number of CG hyper-DMRs in 4X rice was half that in 2X rice (Fig. 5A) . Genome-wide analysis revealed that CG-DMRs preferentially localized to genes and intergenic regions rather than TEs, and the CG-DMR fraction within genes of 4X rice decreased in comparison with 2X rice (Fig. 5B) . The frequencies of CHG-DMRs increased along with TEs; and CHH-DMRs became the largest proportion that occurred in TEs, especially in class II DNA transposons (Fig. 5B) . Analysis of 4-kb flanking regions of detected genes showed that the distribution of DMRs was similar to that throughout the whole genome, with the exception that the genes occupied a larger fraction of CG-DMRs, especially in 2X rice (Fig. 5B) . Fig. 5C and Table S5 ). Overall, there were no clear relationships between DEGs and DMRs, but these DMRs may be potential candidates for epialleles that resulted from the autopolyploidization event and would be stable and heritable in some situations.
Discussion
Recent completion of a number of plant genome sequences revealed that many traditionally considered diploid plants such as Arabidopsis, rice, maize, soybean, sorghum, and poplar are actually paleo-polyploids that have experienced WGD events during their evolution (53) . Polyploidy studies can be confounded by the entanglement of WGD and hybridization. Allopolyploid systems have provided numerous clues to understanding polyploidy formation. However, such processes have resulted from two types of genetic changes, and hybridization rather than polyploidization per se may give rise to genome modifications (4). Conversely, autopolyploids have made changes via WGD, ruling out disturbances from incompatible genomes. Artificial polyploids, which can be induced by the chemical agent colchicine, have enabled scientists to unravel these threads and identify the complex changes involved in this process. In this regard, synthetic autopolyploids offer an extraordinary opportunity to provide insights into genomic changes that occur in response to ploidy levels.
To better characterize WGD-induced genomic variation during recent autopolyploid formation in flowering plants, we constructed highly integrated maps of epigenomes and transcriptomes in autotetraploid rice and its diploid donor. We obtained a comprehensive view of abundant genomic variation in DNA methylation, siRNA response, and gene expression following WGD. Our findings confirm that WGD can induce genome-wide variation of DNA methylation and reveal that such variation may be related to siRNAs and further affect expression levels of nearby genes, indicating that it is an effective pathway to overcome genome-dosage effects produced by autopolyploidization.
DNA methylation repatterning after allopolyploidization is well-established (1), but relatively little is known about the effects of autopolyploidization. Ploidy-induced DNA hypermethylation changes have been reported in Eragrostis curvula (54) and Cymbopogon spp. (17) . In contrast, DNA methylation sites were found to be comparable between diploids and autotetraploids in Paspalum sp. (16) and watermelon (55) . Because they were based on only a subset of methylation-sensitive amplified polymorphism markers, however, these studies did not accurately reflect the methylation landscape of the whole genome. In this regard, our genome-wide survey using next-generation sequencing revealed genome-wide alterations of DNA methylation and showed that WGD-associated methylation changes preferentially occurred in a non-CG methylation context. Although the methylation patterns of genes were similar between diploid and autotetraploid rice, TEs (especially class II TEs) displayed significant hypermethylation changes in autotetraploid rice.
We observed that the majority of genes did not differently express between diploid and autotetraploid rice, suggesting that genome-dosage effects of gene expression did not occur in autotetraploid rice. Immediately after WGD, all genes become duplicated and have double dosage compared with diploid parents; if every daughter gene were normally expressed, the total gene dosage would be much higher than that of diploid parents in which expression patterns should be optimized under selection. In fact, excess gene expression and protein production could waste energy and raw materials (56) and lead to the production of cytotoxic misfolded proteins (57) . Therefore, the reduction of gene expression should be a distinct type of subfunctionalization and facilitate the long-term maintenance of duplicated genes and their functional redundancy (58) .
Previous results in A. thaliana suggested that the number, distance, and methylation status of TE affected neighboring gene expression (47, 59) . This study further confirmed that even though a small number of TEs inserted into rice gene bodies, most genes were surrounded by TEs within flanking 4-kb regions. Compared with class I TEs that preferentially located in heterochromatic regions, the distances of class II DNA transposons were close to genes, resulting in an increased number of class II TEs near genes. The majority of DNA methylation variation of TEs in nearby genes came from class II TEs that were hypermethylated in the CHG and CHH contexts, which is consistent with the genomewide non-CG hypermethylated status of DNA transposons in 4X rice. As first proposed by McClintock (60), the rise of both autoand allopolyploids can induce genomic shock, which is responsible for several genomic modifications induced by greater than usual activities of TEs. It is quite likely that autopolyploidization acts as a genomic shock factor that may stimulate TE activities. After earlier generations, survivors may gradually conquer the conflict and adapt WGD through many mechanisms, one of which could be the hypermethylation of TEs that would have effects on nearby genes. This route was a fitness trade-off between keeping transposons inactivated and suppressing the expression levels of adjacent genes. In genome-wide methylation changes that involve DNA transposons, we observed that hypermethylated class II TEs can help to reduce the expression of adjacent genes. These results suggest that methylation changes might play more prominent and defined roles in adapting to genome shock following chromosome doubling.
siRNAs that are typically 24 nt in length are derived from intergenic regions or repetitive sequences and are usually involved in guiding sequence-specific DNA methylation (particularly at asymmetric CHH sites) through the RdDM pathway (31, 61) . We observed that whole-genome hypomethylation of class I LTR retrotransposons and hypermethylation of class II TEs in 4X rice were highly associated with the abundance of 24-nt siRNAs, especially for CHH-context methylation. In gene-flanking regions, the increased siRNA abundance also mirrored highly methylated class II TEs in 4X rice. Taken together with the methylation level of siRNA clusters, our findings suggest that siRNAs are of great significance in the methylation variation of TEs involved in ploidy level changes.
A recent investigation in wheat revealed deregulation of repeat-derived 24-nt siRNAs, together with an associated reduction in the CG methylation of target transposons (26) . This study in rice showed the same tendency of ploidy-induced reduction in 24-nt siRNAs. Excluding genetic effects from hybridization, the reduction of siRNAs did not originate from all TEs; rather, almost all of the changes occurred in class I LTR retrotransposons, and an increased number of siRNAs derived from class II DNA transposons was found in autotetraploid rice.
In conclusion, we investigated DNA methylation variation following chromosome doubling in autotetraploid rice. Our results indicate that WGD may cause challenges that neopolyploids must surmount, such as gene dosage. The alternation of DNA methylation, especially for class II TEs that preferentially spread in euchromatin and surrounding genes, may affect or reduce geneexpression levels to cope with the challenge from genome-dosage effects, creating an effective pathway for neoautotetrapolyploids to survive this difficult evolutionary period.
Materials and Methods
Plant Materials. An autotetraploid rice line (2n = 48) was artificially synthesized from the O. sativa ssp. indica cultivar Aijiaonante (2n = 24). Diploid seeds were immersed for 72 h at 30°C in a 0.04% (wt/vol) aqueous solution of colchicine, and then plant architecture screening and chromosome counting were carried out for the first two generations. A credible autotetraploid was obtained in 1988, and from then on both diploid and autotetraploid lines self-pollinated over 48 generations with panicle bagging to prevent cross-pollination. Forty seeds from each diploid and autotetraploid rice strain were sown and grown in the greenhouse of the Germplasm Bank of Wild Species in Southwest China, Kunming, China. Pre-emergence panicles were randomly collected from 10 individuals for each genotype before heading, and these were frozen in liquid nitrogen before storage at −80°C until total DNA and RNA extractions were performed.
Characterization of Agronomic Traits. A total of 12 agronomic traits were selected and characterized to assess phenotypic variation between diploid and autotetraploid rice (Table S1 ). They were plant height (cm), flag leaf length (cm), flag leaf width (cm), number of primary branches, number of secondary branches, number of spikelet per panicle, grains per panicle, grain weight (g), grain length (mm), grain width (mm), grain thickness (mm), and awn length (mm). These traits were selected from the Descriptors and Data Standard for Rice (O. sativa L.) to describe morphological variation between diploid and autotetraploid rice cultivars (62) .
BS-Seq. Pre-emergence panicles from each genotype were ground to a fine powder in liquid nitrogen using a mortar and pestle. Genomic DNA was isolated using a Plant Genomic DNA Purification Kit (Tiangen) and sent to the Beijing Genomics Institute (Shenzhen, China) for bisulfite treatment, library preparation, and next-generation sequencing on an Illumina HiSEq. 2000 platform (Illumina).
Methylation Data Analysis. After removing the low-quality reads (Q scores < 28), 90-nt paired-end BS-seq reads were mapped to the rice reference genome (v7, rice.plantbiology.msu.edu/) by using Bismark software (v0.7.8; -bowtie2, default parameters) (63, 64) . Overall, 43.6 and 56.3 million paired-end reads from diploid and autotetraploid rice were uniquely aligned to the rice reference sequence, and the respective unique mapping efficiencies were 53.5% and 57.2%, respectively. Over 76.8% and 78.6% of cytosines of both rice reference strands were covered by at least one sequence read for diploid and autotetraploid rice, respectively (Table S2 ).
The error rate or false-positive rate includes nonconversion frequency and sequencing-error frequency. The nonconversion frequency was estimated from the number of cytosine bases sequenced in reference cytosine positions in the unmethylated Lambda genome (0.32% and 0.35% for diploid and autotetraploid rice, respectively). The sequencing error frequency was determined by the number of uniquely mapped methylated Cs to the number of uniquely mapped Cs on the chloroplast genome (0.53% and 0.48% for and autotetraploid rice, respectively). The error rates of diploid and autotetraploid rice were 0.85% and 0.83%, respectively (Table S2) .
Methylated cytosines were identified according to the method described by Greaves et al. (65) . Briefly, only cytosines from both diploid and autotetraploid rice covered by at least three reads were considered and counted. mCs were determined by a P value under the binomial distribution P = binomial (m, x, error rate), where m = number of methylated reads, n = number of unmethylated reads; x = m + n, which is the sequencing depth on each reference cytosine. The threshold number (0.005) was established to judge whether cytosines sequenced at each reference cytosine position and if the position could be considered methylated. mCs were determined as any cytosine with a P value under the threshold. The methylation level of an individual cytosine was calculated by the ratio of (mC)/(mC + non-mC).
To identify DMRs, we tiled the genome into 100-bp bins with 25-bp sliding windows. Bins with at least four mC sites that were each covered by at least four BS-reads and absolute methylation level differences of 0.4, 0.2, and 0.1 for CG, CHG, and CHH, respectively, were selected (Fisher's exact test, FDR < 0.01). DMRs within 200 bp were merged with each other (66) .
TE Annotation and Analysis. TEs were annotated by running RepeatMasker (v4.0.3, www.repeatmasker.org) against a rice reference genome sequence with the repeat library from RepBase (v20130422). To compare the methylation status of TEs, we excluded those that <40% of cytosine sites were covered by at least three BS reads on both 2X and 4X rice genomes. Using this cut-off, we obtained a dataset of n = 206,582 TEs (Table S3 ) that were included in the subsequent data analyses.
RNA-Seq and Data Analysis. Total RNA was isolated from the frozen tissues using RNAiso Plus (TaKaRa) according to the manufacturer's protocol. The libraries were constructed by following Illumina's standard protocol for RNA-seq library construction, and then were sequenced on an Illumina HiSEq. 2000 platform. Raw data were cleaned by removing adaptors and low-quality reads (Q < 28) (Table S4 ). Clean reads were aligned to the rice reference genome (v7, rice.plantbiology.msu.edu/) using Bowtie (v0.12.7) (67) and TopHat (v2.0.7; -g 1-b2-sensitive) (68) . Gene-expression levels were calculated using Cufflinks (v2.0.2) with default parameters (69) . Genes within the centromeric region were excluded.
Small RNA-Seq and Data Processing. Small RNAs separated from total RNAs by polyacrylamide gel electrophoresis. Small RNA libraries were constructed according to the manufacturer's protocols (Illumina). The small RNA data were processed and analyzed as previously described (70, 71) with minor modifications. In brief, the raw sequencing reads were trimmed by removing adapters using cutadapt (v1.2.1), and smRNAs with lengths between 16 and 35 nt were selected and mapped to the rice genome (MSU release 7, rice. plantbiology.msu.edu/) using Bowtie (v0.12.7) (67). Only reads with a maximum of one mismatch and at least one perfect match to the genome were used in the subsequent analyses.
Noncoding RNAs were annotated using the Rfam database (release 11.0, rfam.xfam.org/) (72) and miRBase (release 20, www.mirbase.org/) (73) . sRNAs that matched against these databases were discarded (Table S6) . We then filtered 24-nt reads that did not match tRNA, rRNA, miRNA, snRNA, or snoRNA, and mapped them to the genome 1-1,000 times as siRNAs for subsequent analyses. The siRNAs counts were normalized to reads per million based on the total abundance of genome-matched small RNA reads, excluding the structural sRNAs mentioned above, and dividing the number of reads evenly by the number of hits to the genome. A siRNA cluster was defined to contain at least five distinct siRNA reads, and adjacent reads located fewer than 200-bp apart were merged into a cluster. Graphics summarizing the observed statistical relationships were developed using ggplot2 (74) in R software (www.R-project.org/).
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